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Generation of Terahertz Electromagnetic 
Pulses from Quantum-Well Structures 

Marie S. C. Luo, Shun Lien Chuang, Paul C. M. Planken, Igal Brener, Hartmut G. Roskos, and Martin C. Nuss 

Abstract-Terahertz generation from semiconductor quantum- 
well structures pumped by a femtosecond optical pulse is studied. 
We propose a three-level model for the electrons and holes in the 
quantum wells. We then solve the coupled optical Bloch equations 
directly using a Runge-Kutta method and calculate the terahertz 
radiation field. We study optical rectification and quantum beats 
caused by charge oscillations in 1) a coupled quantum well in 
which quantum beats occur between two electron states of the 
coupled system and 2) a single-quantum-well structure in which 
quantum beats occur between light-hole and heavy-hole excitons. 
Our theoretical results agree very well with the experimentally 
measured terahertz data. 

I. INTRODUCTION 
HERE has been a substantial research interest in the T nonlinear optical properties of semiconductor quantum 

wells [I], [ 2 ] .  The research is not merely of academic interest 
but is also significant for technological innovations. Modem 
technology has pushed the performance of optoelectronic 
devices well into the gigahertz regime; however, devices oper- 
ating at the terahertz (THz) range will require the invention of 
novel structures and possibly involve very different physical 
processes. The basic functions of information systems would 
include generation, propagation, processing, and detection of 
femtosecond electrical signals. Much of the above has been 
accomplished in the past few years. The detection of an 
ultrashort electromagnetic pulse using semiconductor devices 
is usually based on a technique pioneered by Auston et al. [3], 
which utilizes photoconductive switch of the created carriers. 
This dipole antenna detection method [3], [4] can measure not 
only the amplitude but also the phase of the submillimeter- 
wave radiation field. 
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Fig. 1. 
structure 
of a semiconductor surface ( h ~ +  larger than the bandgap). 

Energy-band diagrams for (a) virtual excitation of a quantum-well 
smaller than the effective bandgap) and (b) resonant pumping 

A scheme [ 5 ] ,  [6] for femtosecond pulse generation by 
virtual excitations of semiconductor quantum wells was pro- 
posed in 1987. As shown in Fig. l(a), the laser pulse has 
an energy hwOp below the fundamental bandgap and does 
not generate any real carrier population, but it would induce 
an instantaneous polarization. Because no real carriers are 
involved in this process, an instantaneous electrical pulse as 
short as the optical pulse ( ~ 1 0 0  fs) is expected. Detection of 
this signal is complicated by the occurrence of two-photon 
absorption, which leads to real carrier excitation [7] and 
excitation in the Franz-Keldysh tail. Different methods have 
been proposed by several research groups. However, effects 
due to virtual excitations have never been observed, since the 
signal is expected to reduce significantly as the optical pump 
energy is detuned below the band edge. Although subbandgap 
excitation, or virtual excitation, of bulk GaAs has also been 
claimed to induce THz radiation [8], this result has yet to be 
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On the other hand, it has been shown recently that a 
THz electromagnetic pulse can be generated from the surface 
of many semiconductors [9], such as GaAs and InP, when 
the surface is illuminated with a femtosecond laser pulse 
with an optical energy hw,,abowe the bandgap. The effect 
was initially attributed to the acceleration of photogenerated 
carriers across the surface depletion region. The resulting 
transient current J ( t )  would radiate an electromagnetic pulse 
E( t )  IX y, which has frequency components up to several 
terahertz. This model, although it was able to explain some 
of the observed phenomena, cannot explain an important 
observation, namely the variation of the field amplitude with 
the semiconductor crystallographic orientation. According to 
the current surge model, the radiated signal would be isotropic 
because the photoconductivity of a zinc-blende semiconductor 
is well-known to be isotropic; therefore, it should not vary with 
the crystal orientation. But the experimental data showed a 
twofold symmetry for (100) surfaces and a threefold symmetry 
for (111) surface. A new model [lo] based on optical recti- 
fication involving the second-order nonlinear susceptibility of 
the material has recently been proposed. This model explains 
not only the crystal orientational dependence but also all 
of the other major features such as the polarity dependence 
on substrate dopants, the voltage bias dependence, and the 
temperature dependence. Its basic mechanism can be easily 
understood as shown in Fig. l(b). Because of the depletion 
field, the centroids of the electron and hole wavefunctions are 
separated. The ultrashort laser pulse creates electron-hole pairs 
near the surface. Once generated, the electrons and holes are 
separated instantaneously and a net dc polarization density 
P(t )  exists within the region. The transient polarization gives 
rise to a radiation field ER@) 0: This mechanism is 
similar to the model for virtual excitations in quantum wells 
[5], [6], except that real carriers are being created. However, 
its magnitude has been shown [9] to be much stronger than 
that induced by the virtual excitation. 

Recently, the observation of charge oscillations in coupled 
quantum wells by THz radiation measurements has been 
reported [ 1 1 1 .  The laser excitation for those experiments is 
above the absorption bandedge. In the past, quantum beats 
have been shown in degenerate four-wave mixing and time- 
resolved luminescence spectroscopy [ 121, [ 131. However, the 
THz radiation experiment provides the first direct observation 
of the coherent oscillatory charge phenomenon associated with 
the quantum beats. It was found that an instantaneous THz 
signal is created by the incident laser pulse, followed by a 
ringing signal due to the charge oscillations in the coupled 
quantum wells. Since the quantum well limits the transport 
of created carriers perpendicular to the wells, the dominant 
mechanism can only come from the optical rectification effect. 
Similar results were obtained for a specially designed single- 
quantum-well structure [ 141, where terahertz radiation due to 
quantum beats between light-hole and heavy-hole excitations 
were observed for the first time. 

In this paper, we model the terahertz generation due to both 
optical rectification and quantum beats in the time domain. 
The theoretical formulation is shown in Section 11. Many-body 
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Fig. 2. Schematic diagram for a three-level model in quantum-well structures 
with (a) two conduction subbands and one valence subband, or (b) one 
conduction state and two valence subbands. 

effects are neglected since the photoexcited carrier density 
is very small (less than 5 . lO9cmP2) in the experiments. 
However, the exciton effects, which slightly affect the terahertz 
radiation frequency, are calculated using an exciton Green’s 
function method [ 151. Numerical details of simulations for 
both the coupled-well and single-well structures are presented 
in Section 111 with comparisons with the experimental data. 
The importance of the physical parameters, such as the laser 
bandwidth and dephasing time, will be discussed in Section 
IV. We then conclude in Section V. 

11. THEORETICAL FORMULATION 

The density-matrix approach works very well in the study 
of optical properties of electronic systems and will be used 
for this investigation. For the study of the optical rectification 
effect, a simple two-level model, as in Fig. l(a), is sufficient. 
A more sophisticated three-level model is required to explain 
the quantum beats. In a more general sense, both optical rec- 
tification and quantum beats can all be described in nonlinear 
optics theory by the difference-frequency mixing within the 
bandwidth of the laser pulse. The generated terahertz signal is 
just a manifestation of the coherent interaction of the photon 
with various electron-hole exciton states. A schematic diagram 
for the three-level model is shown in Fig. 2(a), which has 
two conduction-band levels for electrons and one valence- 
band state for heavy or light holes. We start with the basic 
Liouville equation 

where p is the density matrix operator, H is the total Hamilton- 
ian, and HO is the unperturbed Hamiltonian. In (l), the dipole 
approximation is used for the description of the perturbing 
laser field with p the dipole moment and E the optical electric 
field. The last term in (1) accounts for the recombination and 
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scattering relaxations. Because the duration of the laser pulse 
is about one hundred femtoseconds and its amditude is smooth 

E , ~  including the k-dependence is defined as 

within an optical cycle, the laser field amplitude is assumed 
to be 

h2k2 
En,, = E ,  + E, + E, + - 2 m ;  

1 1 1  ---+--.  
m: m, m, 

- 

where prim = <n(p(m> is the matrix element of the orig- 
inal density operator; prim describes the mixing probability 
between energy states n and m, and is equal to the population 
of the level if n = rn. The equations of motion for the 
density-matrix elements can be written explicitly as follows: 

where we define the detuning energies ha13 = E13 - hwOp, 
and ha23 = E23 - fiw,,,,, and the energy level splitting 
hw21 = -hwl2 = E23 - &13. The interband transition energy 

E, + E, + - 2mz 

The intersubband dipole-moment elements are defined as 

The relaxation term in (1) is represented by the phenomeno- 
logical decay time constants, i.e., the longitudinal decay times 
Tl,T2, and T3, and the dephasing times T12,T13, and T23. 

Note that the trace of the density matrix elements satisfies the 
conservation 

if we assume the longitudinal times are the same, TI = T2 = 
T3 and sum up (4)-(6). We solve the nonlinear optical Bloch 
equations (4)-(9) by the 5th-order Runge-Kutta method, which 
is very efficient for solving ordinary differential equations 
if all of the characteristic time constants are of the same 
order. In our two-band (three-level) model, the density-matrix 
elements at different k values are decoupled since the exciton 
effects are ignored. It is noted that many-body effects [16] 
[17] have been ignored in our formulation since the photo- 
excited carrier density is less than 5 .  10' cm-'. This simplifies 
our numerical procedure by a tremendous amount, yet, as 
we will show later in our numerical results, this simplified 
theory explains most features of the experimental data. A 
more elaborate calculation [ 181 taking into account many- 
body effects shows no substantial difference from the results 
obtained using these simplified equations (4)-(9) except for the 
energy shift due to the exciton effects, which will be calculated 
using an exciton Green's function approach. Similarly in 
transient four-wave-mixing experiments, it has been pointed 
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out [ 191 that many-body effects do not substantially alter the 
temporal positions of constructive and destructive interference 
in a quantum &at experiment, although they may affect the 
rise and decay times. 

Once all the density-matrix elements at each k value are 
found, we perform an integration over k-space to obtain the 
induced dc polahzation density 

The laser pulse shape can be either a Gaussian or sech 
function. In our calculations, we assume the light pulse field to 
be sech ( t / ~ )  with a pulse duration of 1.7637, full-width at 
half-maximum (FWHM). Similar equations can be obtained 
with modifications of the energies and the dipole matrix 
elements for a three-level system as shown in Fig. 2(b), which 
has two valence-band states and one electronic state. 

111. CHARGE OSCILLATIONS IN QUANTUM WELLS 

From quantum mechanics, we know that in a W-shaped po- 
tential system with two energy eigenstates, a particle, initially 
created within one well, will oscillate back and forth between 
the two potential traps. This is true only if the two levels 
remain coherently coupled. This model has been successfully 
applied to the explanation of the ammonia molecular vibration, 
chemical reactions, and the interaction of the system with a 
dissipative reservoir. In semiconductors, optical transitions are 
often inhomogeneously broadened, malung the observation of 
this oscillatory phenomenon difficult. It was made possible 
only recently due to the advances in crystal growth and 
the availability of stable femtosecond optical pulses. The 
dephasing time of free carriers is very short, about 100 fs, but 
the formation of excitons in bulk GaAs and quantum wells 
may have a dephasing time up to a few picoseconds at low 
temperatures [20]. A degenerate four-wave-mixing (FWM) 
measurement [2 11 showed that if the excitation pulse has 
a photon energy centered at the exciton energy, the FWM 
signal is dominated by excitons. The long dephasing times of 
excitons combined with a good interfacial crystal quality leads 
to the successful observation of charge oscillations [ 111. In this 
section, we will discuss two different quantum-well structures. 
For an asymmetric coupled-well design, the potential profile 
is similar to the W-shaped system, and the excitons in either 
the narrow well or the wide well can be selectively pumped. 
The second system has only a single quantum-well structure 
but still has the oscillatory THz signals caused by the quantum 
beats between the light-hole and heavy-hole excitons due to 
the valence subband energy dispersion relations in a quantum 
well. 

IV. COUPLED QUANTUM-WELL STRUCTURE 

The sample used in [ 111 consists of ten pairs of a wide- 
well (WW) and a narrow-well (NW) region separated by a 
25-A-thick Alo.zGao.sAs barrier. Both wells are made of a 
GaAs layer, which is 145 A for WW and 100 A for NW. 

cB14tr 
WW NW 

“ B M  

Fig. 3. The potential-energy profiles of a coupled-quantum well at three 
different bias conditions: (a) flatband; (b) at resonance; and (c) off resonance. 

The pairs are isolated from each other by 200-A-wide buffer 
layers and capped with 3500-A-thick Alo.2Gao.sAs layers. All 
regions are undoped except the n-type GaAs substrate. A bias 
field is applied in the z-direction such that the first subband 
in the wide well is resonant with, or above the first electron 
subband in the narrow well. This is shown by the potential 
profiles in Figs. 3(a)-(c). The sample is excited with a tunable 
Ti:Sapphire laser that has a bandwidth of 7 nm with a pulse 
duration of roughly 160 fs. The center wavelength of the laser 
is set at 805 nm (-1.54 eV). All of the measurements were 
performed at 10 K and the optically excited carrier density 
was less than 5 . lo9 cm-’ per pair of wells. The details of 
the experimental setup are described in [ 111. The experimental 
data are shown in Fig. 4 and can clearly be divided into two 
regions: i) an “instantaneous” electromagnetic pulse in the 
2.5- to 4-ps period that appears to follow immediately the 
time evolution of the exciting laser, and ii) an oscillatory field 
after 4 ps with a frequency of 1.5 THz. The frequency of the 
oscillation shows a weak dependence on the bias field, but the 
decay time of the oscillations is clearly field dependent. The 
oscillations disappear at higher fields. The null signal at the 
beginning (0 to 2.5 ps) is caused by the propagation delay. 

To model this system, we need to know its energy- 
band structures at different bias conditions. At flatband [see 
Fig. 3(a)], the two electronic levels are off resonance and the 
first electronic state of the wide well is at a lower energy 
level due to its larger well width. As the field increases 
slowly, the upward-shifting WW electronic state and the 
downward-shifting NW state eventually align together at a 
specific field, which is termed the “resonant field.” At this 
particular bias condition, the coupling between the two levels 
is at its maximum, but the energy splitting is at the minimum. 
When the bias field is greater than the resonant field as in 
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Fig. 4. Experimentally measured terahertz electromagnetic radiations from 
the coupled quantum wells (after [l 11) at five bias fields. The resonant tieid 
is near 10.5 kV/cm. 

Fig. 3(c), the lowest eigenstate is in the narrow well, and 
the coupling between the two electronic states will decrease 
with increasing field. We have calculated the eigenstate 
wavefunctions for the three bias conditions and the results 
are shown in Figs. 5(a)-(c). It can be seen that the switching 
of the lowest state (the magnitude squared of the wavefunction 
is in solid curves) from the wide well, Fig. 5(a), to the narrow 
well, Fig. 5(c), is evident. The interband bandedge transition 
energies are shown in Fig. 6 as a function of the bias field. 
The Coulomb interactions between the electrons and holes are 
not included in Fig. 6, but they will be taken into account 
later. The transition energies as a function of electric field for 
the heavy hole in the wide well to the two electronic states, 
designated as hh-WW, show a pair of hyperbolic curves 
(solid lines) with a minimum splitting at the resonant field. 
This is the "anticrossing" of the two interband excitations. 
For the transitions from the heavy hole in the narrow well, 
there is an anticrossing at the same bias, but the energy curves 
(dashed lines) generally show an increase with an increasing 
field because of the bias dependence of the NW heavy-hole 
subband energy. 

With the above information, the induced dc polarization 
and the terahertz radiation field can be calculated. The results 
are as shown in Figs. 7 and 8. Figure 8 should be compared 
with the experimental results in Fig. 4. The initial response 
of the system shows an adiabatic following of the pump 
pulse because the densities of the generated electron-hole 
pairs follow the light pulse shape. According to (18), the 
total polarization density is proportional to the net separation 
between the electron and hole, (233-211) and ( ~ 3 3 - ~ 2 2 ) ,  mul- 
tiplied by the carrier population in level l and level 2 ,  p11 and 
,022, respectively. The generated carrier density is proportional 
to the laser intensity and interband dipole moments. To see 
how the radiation intensity changes with the bias, the dipole 
moments are plotted in Fig. 9 versus the dc field. The interband 
dipole moments are proportional to the overlap of electron and 
hole wavefunctions; hence, the two solid curves in Fig. 9(a) 

Fig. 5.  The eigenstate wavefunctions of coupled wells for the three bias 
conditions shown in Figs. 3(at(c):  (a) flatband, (b) at resonance, and (c) off 
resonance. 

1560 

- I550 
h 
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; 1540 

I520 
0 5 10 15 
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Fig. 6. Interband energies for transitions from the heavy-hole state in the 
wide well (solid lines) and the heavy-hole state in the narrow well (dashed 
lines) to the two conduction subbands. 

switch at the resonant field. The net displacement of the dipole 
moment in Fig. 9(b) shows the same tendency. The combined 
result of this field dependence is that the instantaneous signal 
amplitude, in Fig. 8, initially increases with the bias field, 
reaches its peak at the resonance field, but then decreases at a 
higher field. This agrees with the experimental observation 
in Fig. 4. The induced polarization P ( t )  in Fig. 7 begins 
to show the oscillating feature after the 1-ps period. The 
oscillation frequency corresponds to the energy splitting of 
the two electronic states and is strongly field-dependent, as 
discussed in the previous paragraph. This is different from the 
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Fig. 7. Theoretical results of the induced dc polarization density at several 
bias conditions. The dephasing time T12 is assumed to be 1.2 ps for 1.4 
kV/cm, 2 ps for 6.7 kV/cm, 1.3 ps for 10.5 kV/cm, 0.7 ps for 13.2 kV/cm, 
and 0.4 ps for 15.8 kV/cm. 
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Fig. 8. The induced radiation field  ER(^) x a 2 P / a t 2  

experimental observation, which shows very little dependence 
on the applied bias, and the oscillation frequency is 1.5 THz. 
The difference can be explained if we take into account the 
electron-hole Coulomb interaction, i.e., the excitonic effect. 

Excitonic effects result in several modifications of the 
energy-band structures. We have calculated the exciton ener- 
gies for the coupled quantum-well structure using an exciton 
Green's function method [15]. The advantage of this approach 
is that the Green's function takes into account the coupling 
between multibands and gives a more accurate estimate of 
the oscillator strength. We calculate the electron and hole 
subband energies with corresponding wave functions first, then 
solve the Schrodinger equation in the momentum space taking 
into account the electron-hole Coulomb interaction. The linear 
optical absorption spectrum is then calculated to extract the 
exciton energies. This method has been shown to give very 
good agreement with experimental data [ 151. Our result for the 
coupled quantum wells is shown in Fig. 10 for the hh-WW 
and hh-NW excitons. Two major modifications are observed. 
1) The binding energies of the interwell and intrawell excitons 
are different. Because of the large overlap of electron and hole 
wavefunctions for the intrawell excitons, they have a stronger 
Coulomb attraction and hence a larger binding energy than that 
of the interwell excitons. Comparing the bandedge energies 
in Fig. 6 and the exciton transition energies in Fig. 10, we 
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Fig. 9. (a) The interband dipole moments versus bias field. (b) The field 
dependence of the net displacements between the two electronic states and 
the hh-WW state. 
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Fig. 10. Interband transition energies for hh-WW (circles) and hh-NW 
(triangles) states. The Coulomb interactions between electrons and holes are 
included in the calculations. 

find that the binding energy is about 9 meV for an intrawell 
exciton and 5 meV for an interwell exciton. 2) The resonant 
field is different for the NW and WW states. The resonant 
field for hh-NW excitons is at 4 kV/cm, which is smaller 
than the original value 8 kV/cm without the exciton effects. 
For hh-WW excitons, the resonance field changes to 10.5 
kV/cm, which is close to the experimental value. The main 
reason is due to the difference between the heavy-hole state 
wavefunctions in the WW and in the NW [22 ] .  

B .  Single Quantum Wells 
In analogy to the previous discussions of coupled quantum- 

welt structures, we expect to observe charge oscillations from 

Authorized licensed use limited to: Technische Universiteit Delft. Downloaded on September 9, 2009 at 05:28 from IEEE Xplore.  Restrictions apply. 



1484 

3 / 2 , 3 / 2  >= -& 
3 /2 .1 /2  >= 

IEEE JOURNAL OF QUANTUM ELECTRIONICS, VOL. 30, NO. 6, JUNE 1994 

(X + ZY) T >  
(X + iY)  J, -22 t> 

holes in certain structures. In GaAs, the heavy-hole effec- 
tive mass mEh = 0.45mo and light-hole effective mass 
m;,, = 0.085m0, where ma = 9.1095 . kg is the 
free-electron mass. According to the parabolic band model, 
the crystal Bloch functions for holes are orthogonal to each 
other; thus, there is no light-hole and heavy-hole transition 
dipole moment, which is required for the emission of THz 
radiation. But the valence band structures of quantum wells 
calculated using the Luttinger-Kohn Hamiltonian indicate 
that there are strong couplings between these two types of 
holes. According to the valence-band-mixing model, we would 
expect quantum beats from the coherent excitations of Ch and 
hh excitons, which are separated in energy. Recently, Planken 
et al. [14] have designed a special quantum-well sample, 
and their results show clearly the importance of valence-band 
mixing. 

The sample consists of an intrinsic multiple-quantum-well 
(MQW) region that has 15 periods of 175-8, GaAs sin- 
gle wells separated by 150-8, Alo.3Gao.7As barriers. The 
substrate is n+-doped GaAs with a strain-relief layer sand- 
wiched between the substrate and the MQW region. A metal- 
i-n Schottky diode is made from this sample with 50 8, 
of semitransparent chromium deposited as the metal con- 
tact. The sample is mounted in a continuous-flow liquid 
helium cryostat and the temperature is maintained at 10 
K. The experimental setup is similar to the one described 
before except that the laser pulse has a wider bandwidth 
to cover the desired range. The detected THz waveforms 
as a function of electric field are shown in Fig. 11. The 
general characteristics are the same as those discussed in 
Section IIIA. There is a clear evidence of quantum beats 
from the light-hole and heavy-hole intersubband transitions. 
But contrary to the coupled well, the oscillation frequency 
shows a strong field dependence, as indicated in the inset. 
A note on the measurement is that the photon energy has 
to be tuned to cover both the Ch and hh excitons to see the 
oscillations. If the pump photon energy is tuned below the 
resonance region, only an instantaneous electrical transient is 
observed. 

We will model the experimental results including the 
valence-band mixing effects. Consider a three-level model as 
shown in Fig. 2(b), which has a heavy hole as state 1, a light 
hole as state 2, and an electron as state 3 in a quantum-well 
structure. As indicated in (18), the oscillating signal is related 
to the dipole moment p12, i.e., the dipole moment between 
light-hole and heavy-hole states. From the Luttinger-Kohn 

3 / 2 .  - l / 2  >= +j 

3 / 2 ,  -3 /2  >= i v5  

I 

(X + iY)  T +2Z L> 
(X + iY) 1> 

I n I 

1%- 
Time (ps) 

Fig. 1 1. Experimentally measured terahertz radiation fields from the single 
quantum-well structure (after [14]). The inset shows the normalized frequency 
spectra of the oscillation signals. 

Hamiltonian [23]-[25] 

M 0 1  

1 o M+ -L+ P + Q I  

where 

and the basis functions are shown in (20) at the bottom of this 
page, where v = 3 / 2 , 1 / 2 ,  -112, and -312. The intersubband 
dipole-matrix is related to the momentum-matrix element [26] 
as 
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and can be expressed in terms of the envelope functions 
~ , ( m ,  kll, k,) [251 

where 

Both the ioP,,, and &oQ,,, matrix elements can be ex- 
pressed in matrix form 

TABLE I1 
MATRIX E LEMENTS FOR 2. Q 

-272 

B - i & - 3  -6 3 
C 0 0 0 

F=O kV/cm 
o t  

- s o '  " " " " ' I 
0.00 0.01 0.02 0.03 0.04 0.05 

k, , (A-') 
Fig. 12. The valence subband energies in the k space for zero bias. 

where AI,  Al ,  B, and C are tabulated in Tables I and 11. The 
intersubband dipole moment between subbands m and m' is 
to sum over v and v' using (21)-(25) and Tables I and 11. It 
can also be proven I261 that the same results for 6 along z can 
be obtained from the following formulation. 

where g i )  (kll, z )  and g:) (kll,  z )  are envelope functions. as- 
sociated with the upper Hamiltonian HU, and g g ' ( k l l ,  z) and 
gg)(kl l ,  z )  are envelope functions associated with the lower 
Hamiltonian HL. The theoretical results from (21) and (26) are 

very close, and the latter is used for the simulation of induced 
radiation fields. Note the derivations of (22)-(26) show the 
importance of including the higher-order terms in the basis 
functions for the Bloch periodic parts under the effective-mass 
approximation. 

The valence-band energy can be obtained by solving the 
block-diagonalized Luttinger-Kohn Hamiltonian. One exam- 
ple is shown in Fig. 12 for the flatband condition. At the zone 
center, the top curve (solid) corresponds to the hh state and 
the second curve (long-dashed) to &I state. The two curves 
have a "crossing" behavior near kll = 0.01 A-', which is 
an indication of lh and hh coupling due to the quantum 
confinement effects. The dipole moment p12 as a function of 
,411 vector, where m = 1 = hhl  and m' = 2 = lhl in (26), 
is plotted in Fig. 13 for several bias fields. The regions with 
kll less than one inverse Bohr radius of excitons (about 0.01 
A-') give significant contributions. From these data, we can 
calculate the emitted terahertz waveforms by solving for the 
density-matrix elements for each kll using the optical Bloch 
equations (4)-(9), and the results for the radiation field by 
summing over all are shown in Fig. 14. For the 0 kV/cm 
curve, there exists an instantaneous signal (quantum beat) 
because of ~ 1 2 ,  which is nonzero at flatband, even though the 
self-dipole moments (211-233) and (222-233) are zero. Note 
that the expression (18) for the induced polarization density 
has to be multiplied by a minus sign here since levels 1 and 
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Fig. 13. 
bias fields. 

The intersubband (hhl and Chl) dipole moments at four different 

33 kV/cm 
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i 
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v 
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v 
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0 kV/cm 

1 . 1 . 1 . 1  

0.00 I .oo 2.00 3.00 
Time (ps) 

Fig. 14. 
quantum beats between light holes and heavy holes. 

Theoretical results of the induced terahertz radiation caused by 

2 now describe holes instead of electrons. In Fig. 15(a), the 
interband dipole moments pi3 (filled circles) and p23 (open 
circles) tend to decrease with increasing field, which is due 
to the quantum-confined Stark effect. The net displacements 
of the dipole moments (along the negative z direction) in 
Fig. 15(b) show a monotonic increase in magnitude with the 
field, but eventually saturate because both holes and electrons 
are pushed against the walls of the well. These results lead to 
the saturation of the instantaneous signal at high fields. 

Fourier transform results of the charge oscillation region 
are shown in Fig. 16. The peaks of the frequency spectra 
correspond to the eh and hh splittings. Better results would be 
obtained if the Coulomb interactions are taken into account. 
In Fig. 17, we show the experimental data from 1) the peaks 
of the terahertz radiation (dots, see also inset in Fig. l l ) ,  2) 
the energy splittings (crosses) between the eh and hh exciton 
photocurrent spectra, and compare with the calculated results 
for the eh-hh energy splittings with (solid curve) and without 
(dashed curve) exciton effects. The energy splittings including 
the excitonic effect are obviously closer to the experimental 
results (dots and crosses). Both the photocurrent spectra and 
the calculations with exciton effects for the eh-hh splittings 
also indicate that the terahertz radiation is generated by the 
quantum beats between the eh and hh excitons. 

V. DISCUSSION 
There are a few physical parameters that are very important 

in determining the emission of THz signals. Both the pho- 
ton energy and bandwidth determine the possible interband 

t 1 . , , , , , , , , , , , , , , , , , ,  1 
a 1  

0 10 20 30 40 
Field (kVlcm) 

(a) 

"" 
0 10 20 30 40 

Field (kV/cm) 

(b) 

Fig. 15. (a) Interband dipole moments for the light-hole (open circles) and 
heavy-hole (filled circles) transitions. (b) The field dependencies of the net 
displacement between the two hole states (levels 1 and 2) and the electronic 
state (level 3), (z l l  - 233) and (222 - 233) at kll = 0. 

I O  

0 0  
0 1 2 3 4 5  

Frequency (THz) 

Fig. 16. Theoretical frequency spectra of the THz radiation field, which 
should be compared with the experimental spectra in the inset of Fig. 11. 
The spectra are normalized and calculated from the Fourier transform of the 
charge oscillation region. 

3.0 
Measured THz data 

Wlth exCllOn , .: I 

g 2 0  
0. r 

I O  
0 10 20 30 40 

Field (kVlcm) 

Fig. 17. Measured terahertz frequencies (dots) and (11-hh splittings taken 
from photocurrent spectra (crosses) are compared with our calculated en- 
ergy-splittings with (solid line) and without (dashed line), taking into account 
the Coulomb interactions. 

excitations and the magnitude of the signal. One example 
is shown in Fig. 18 for the excitation of hh-WW excitons, 
whose energies are 1.5310 eV and 1.5352 eV, respectively. 
The bandwidth of the pump beam is assumed to be 7 meV. 
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Fig. 18. 
with laser photon energy ranging from 1.53 eV to 1.54 eV. 

Calculated terahertz signals from a coupled quantum-well system 

The radiation signal depends sensitively on the photon energy. 
The amplitude is at its maximum when the laser is set at 
1.533 eV, which is exactly at the middle of the two hh-WW 
excitons. The signal decays significantly as the laser is tuned 
toward the lower or higher energy. This indicates that the 
dominant contribution of the radiation signal comes from the 
states that fall within the laser bandwidth. The dephasing time 
of the coupled states determines the duration of the oscillatory 
signal, which, therefore, is temperature-dependent and field- 
dependent. The major scattering contributions to the dephasing 
of excitons are interface roughness, phonon, and free-carrier 
scatterings. Thus far, we have only considered the low-density 
excitation. The results may be significantly modified for high- 
power excitations, because the increase of carrier density 
changes the dephasing time and the field screening, and many- 
body effects may be important. The response spectrum of the 
photoconductive dipole antenna can also change the shape 
of the THz signal. In this calculation, the pulse duration is 
adjusted to match the data without considering the detector 
response speed. 

It is clear that the excitonic effect plays an important 
role in the generation of THz radiation. For the coupled- 
well system, the change of resonance field for hh-NW and 
hh-WW excitons makes selective excitation possible. The 
confinement of an exciton within the quantum-well region 
also increases the excitonic binding energy, which leads to 
a longer dephasing time. It is due to this extended time 
Tl2 that observation of charge oscillation becomes plausible. 
For high-power excitations, a more complete model [ 1614 181 
should be used, which would begin by including the Coulomb 
interactions in the otpical Bloch equations, and the couplings 
between the discrete bound states of excitons and continuum 
(excited) states of excitons will complicate the numerical 
modelings. 

VI. CONCLUSIONS 

We have modeled the THz radiation from semiconductor 
quantum wells under laser pulse excitations and compared the 
results with available experimentaI data [ 111, [ 141. Quantum 
beats due to charge oscillations can be observed for both 
coupled-well and single-well structures. The instantaneous 

. 

electromagnetic transient comes from the adiabatic following 
of the laser pulse and is sensitive to the photon energy; 
the ringing of the THz oscillation is due to the quantum 
beats caused by charge transfer between a coupled quantum- 
well structure of the hh and lh intersubband transitions. The 
dephasing time and laser bandwidth are very important in 
determining the magnitude and shape of the oscillatory signal. 
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